Introduction {#s1}
============

Porcine reproductive and respiratory syndrome (PRRS) is one of the most important diseases in the swine industry, causing significant economical losses worldwide [@pone.0063767-Neumann1], [@pone.0063767-Tian1]. The causative agent, PRRS virus (PRRSV), can cause reproductive failures in pregnant sows, respiratory diseases in piglets, and asymptomatic infection in boars [@pone.0063767-Neumann1]. Most recently, there have been devastating outbreaks of atypical PRRS in China, which is characterized by high fever, high morbidity, and high mortality in pigs of all ages [@pone.0063767-Li1], [@pone.0063767-Zhou1]. The causative agent is a highly pathogenic PRRSV (HP-PRRSV) genotype with a discontinuous deletion of 30 amino acids in nonstructural protein 2 (nsp2) [@pone.0063767-Li1], [@pone.0063767-Zhou1], [@pone.0063767-Ni1], even though it has been shown that this deletion has nothing to with its virulence [@pone.0063767-Zhou2]. PRRSV belongs to the family *Arteriviridae*, of the order *Nidovirales* [@pone.0063767-Gorbalenya1], which also includes equine arteritis virus (EAV), simian hemorrhagic fever virus (SHFV), and lactate dehydrogenase-elevating virus (LDV) [@pone.0063767-Snijder1]. PRRSV genome is a single-stranded, positive-sense RNA, which is approximately 15.4 kb in length and contains two large open reading frames (ORF1a and 1b) and a set of eight downstream ORFs (ORF2a, 2b, 3, 4, 5a, 5, 6, and 7), encoding 8 structural proteins and 14 non-structural proteins [@pone.0063767-Snijder1], [@pone.0063767-Firth1], [@pone.0063767-Johnson1]. Enzymes required for arterivirus RNA synthesis are encoded in ORF1b, in particular the viral RNA-dependent RNA polymerase (RdRp; nsp9) and RNA helicase (Hel; nsp10). Together with the putative "accessory subunits", these enzymes assemble into a membrane-associated viral replication and transcription complex (RTC) [@pone.0063767-Pedersen1], which mediates both genome replication and the synthesis of a nested set of subgenomic (sg) mRNAs.

Great efforts have been made to control and eradicate PRRSV infection since it was first reported in 1987. However, the currently commercialized vaccines including killed and modified live vaccines have not been successful in eradicating the virus and do not provide complete immunity from heterologous infections [@pone.0063767-Murtaugh1]. And also, there is a safety issue concerning about modified live vaccines, since there have been reports, showing that the virus shedding from the vaccinated animals often reverts to virulent strains [@pone.0063767-Murtaugh1], [@pone.0063767-Storgaard1]. Antiviral therapeutics is a critical tool for combating virus infections, especially for virus that does not have vaccines to match well with the circulating virus. Thus, an alternative measure to control PRRSV is the pharmacological intervention. Previous studies have discovered a few natural compounds and compositions that have antivral activities on PRRSV [@pone.0063767-Karuppannan1]. However, until now there are no effective commercial drugs available to control PRRSV infection.

The medical use of mushrooms has a long tradition in Asian countries, and their use in the Western hemisphere has been slightly increased in the past decades [@pone.0063767-Zjawiony1], [@pone.0063767-Stamets1], [@pone.0063767-Wasser1], [@pone.0063767-Lindequist1]. Antiviral effects are described not only for the whole extracts of mushrooms [@pone.0063767-Faccin1] but also for isolated compounds [@pone.0063767-Mothana1], [@pone.0063767-Yamamoto1]. *Cryptoporus volvatus* belongs to *Aphyllophorales, Cryptoporus* [@pone.0063767-Xu1], and grows in certain areas in China. Its fruiting body was used for the treatment of asthma and bronchitis back to the 15^th^ century a.d. when the record of *Cryptoporus volvatus* appeared in "Materia Medica of Yunnan" [@pone.0063767-Wu1]. Chemical analysis of *Cryptoporus volvatus* revealed that it contained many physiological activators, such as polysaccharose, proteins, volatile oil, and cryptoporic acids, etc [@pone.0063767-WuJZ1]. Aqueous extract from the fruiting body of *Cryptoporus volvatus* has been reported to have anti-tumor, anti-allergy, anti-inflammation, and immunomodulatory activities [@pone.0063767-Jin1], [@pone.0063767-Yao1], [@pone.0063767-Xie1]. However, there are no reports about its antiviral activity.

In the present study, we investigated whether the aqueous extract from the fruiting body of *Cryptoporus volvatus* had the ability to inhibit PRRSV infection. We first examined its potential to inhibit PRRSV replication *in vitro* and determined the stages in the PRRSV life cycle that could be blocked by the extract, and then extended our study in animal models to see if the extract could inhibit PRRSV infection *in vivo*. Our results showed that the extract from *Cryptoporus volvatus* inhibited PRRSV infection both *in vitro* and *in vivo*, implicating that the aqueous extract from the fruiting body of *Cryptoporus volvatus* has the potential to be used as an antiviral therapeutics.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

All animal research was approved by the Beijing Association for Science and Technology (approval ID SYXK (Beijing) 2007--0023) and complied with the guidelines of Beijing Laboratory Animal Welfare and Ethics of the Beijing Administration Committee of Laboratory Animals. All animal studies were also performed in accordance with the China Agricultural University Institutional Animal Care and Use Committee guidelines (ID: SKLAB-B-2010-003) and approved by animal welfare committee of China Agricultural University. All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.

Cells, Viruses, and Virus Preparations {#s2b}
--------------------------------------

Marc-145 cells are a PRRSV-permissive cell line sub-cloned from MA-104 cells [@pone.0063767-Kim1]. Marc-145 cells were maintained in Dulbecco's minimum essential medium (DMEM) supplemented with 10% FBS and penicillin/streptomycin. Porcine alveolar macrophages (PAMs) were obtained by postmortem lung lavage of 8-week-old specific pathogen free (SPF) pigs, and maintained in RPMI 1640 supplemented with 10% FBS and penicillin/streptomycin.

PRRSV strains, CH-1a (the first type 2 PRRSV strain isolated in China), VR2332 (the prototype of Type 2 PRRSV strain), and HV (a highly pathogenic PRRSV (HP-PRRSV) isolate, GenBank accession no. JX317648), were propagated in Marc-145 cells or PAMs. Virus preparations were titrated on Marc-145 cells or PAMs, and then stored at −80°C. Briefly, PRRSV was serially diluted 10-fold in complete DMEM or RPMI1640 to infect 5×10^4^ Marc-145 cells or PAMs in 96-well plates. PRRSV infection was determined 72 h post infection using immunofluorescent staining for the PRRSV N protein. Virus titer was determined using Reed-Muench method, and expressed as tissue culture infective dose 50% (TCID~50~). PFU was determined according to "PFU = 0.7\* TCID~50~" as described before [@pone.0063767-Quinting1], and the multiplicity of infection (MOI) was calculated based on PFU.

Indirect Immunofluorescent Assay {#s2c}
--------------------------------

Cells were fixed with cold methanol-acetone (1∶1) for 10 min at 4°C, washed with phosphate-buffered saline (PBS), and then blocked with 5% normal goat serum for 30 min at room temperature. After blocking, cells were stained with anti-PRRSV N protein monoclonal antibody SDOW17 (1∶10,000; Rural Technologies), or an isotype control antibody for 60 min at room temperature. Cells were then washed and incubated with FITC-conjugated goat anti-mouse IgG (H+L) (1∶2000, Jackson ImmunoResearch) for 60 min at 37°C. After three washes in PBS, cells were counter-stained with DAPI and examined by fluorescence microscopy.

Preparation of the *Cryptoporus volvatus* Extract {#s2d}
-------------------------------------------------

The dry fruiting body of the *Cryptoporus volvatus* was crushed and soaked in water overnight at 4°C, and then centrifuged at 8000--10000 g for 30 min. The supernatant was harvested and freeze-dried, and then stored at −80°C until use. When used, the freeze-dried powder was re-dissolved with normal saline or culture medium and filtered with 0.22 µm filters.

MTT Assay {#s2e}
---------

The MTT \[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-lium bromide\] assay was used to examine the effect of the *Cryptoporus volvatus* extract on cell viability. Marc-145 cells or PAMs in 96-well plates were treated with sequential dilutions of the extract or normal saline in a total of 100 µl growth medium for 48 h. And then, 20 µl of freshly made 5 mg/ml MTT solution was added to each well, and the cells were incubated at 37°C for another 5 h before the medium was replaced with 200 µl DMSO to dissolve the crystals. The plates were further incubated at 37°C for 5 min to dissolve any air bubbles before the MTT signal was measured at an absorbance of 550 nm. The 50% cytotoxic concentration (CC~50~) was analyzed by GraphPad Prism (GraphPad Software, San Diego, CA).

Inhibition of Virus Infection Assay {#s2f}
-----------------------------------

Marc-145 cells or PAMs in 96-well plates were inoculated with Ch-1a or HV at an MOI of 0.1 for 2 h at 37°C, and then the viral inoculum was removed and fresh medium containing 2% FBS and different concentrations of the *Cryptoporus volvatus* extract or IFN-α (10 units/µl, kindly provided by Dr. Wenjun Liu, Chinese Academy of Sciences, Beijing, China), a known inhibitor of PRRSV replication [@pone.0063767-Luo1], was added. Twenty-four hours later, the supernatant was collected for virus titration, and cells were fixed for indirect immunofluorescent assay. The 50% effective concentration (EC~50~) was determined using a 4 parameter, nonlinear regression of dose response inhibition by plotting log (inhibitor(concentration)) vs. virus titer (variable slope) using GraphPad Prism (GraphPad Software, San Diego, CA).

Virus Attachment and Entry Assay {#s2g}
--------------------------------

For attachment assay, Marc-145 cells were inoculated with Ch-1a (MOI = 1) at 4°C for 2 h in the presence or absence of different concentrations of the *Cryptoporus volvatus* extract, and then cell lysates were prepared by freeze-thaw three times after cells were washed 3 times with cold PBS. Virus titer was determined as described above. For entry assay, Marc-145 cells were incubated with Ch-1a (MOI = 1) at 4°C for 2 h. Next, the viral inoculum was removed and cells were washed 3 times with cold PBS to remove unattached virus particles. Then, fresh medium was added and cell cultures were switched to 37°C (this time point was set up as 0 h). Cell culture medium was replaced with fresh medium containing different concentrations of the *Cryptoporus volvatus* extract at 0, 1, 2, or 3 h following temperature switch. At 5 h following temperature switch, medium was replaced with fresh medium, and cells were further incubated at 37°C. Twenty-four hours later, supernatants were harvested for virus titration.

For entry assay, confocal microscopy was also performed. Briefly, Marc-145 cells were incubated with Ch-1a (MOI = 50) at 4°C for 2 h. And then, cells were fixed with cold methanol-acetone after 3 washes with cold PBS or continued to be cultured in fresh medium with or without the *Cryptoporus volvatus* extract at 37°C for another 3 hours before being fixed with cold methanol-acetone. Fixed cells were stained for PRRSV N protein as described above using IFA and labeled F-actin with Phalloidin -TRITC (Sigma) following manufacturer's protocol. Immunofluorescence was observed using Leica Microsystems CMS GmbH.

RNA Extraction and Real-time PCR {#s2h}
--------------------------------

Total RNA was extracted using Trizol Reagent (Invitrogen) and 1 µg RNA was used for cDNA synthesis using M-MLV (Promega). Real-time PCR was performed using specific primers for PRRSV N protein gene (forward: AATAACAACGGCAAGCAGCA, Reverse: GCACAGTATGATGCGTCGGC) by ABI7500 Real Time PCR System using the Real Time SYBR master mix kit (TAKARA) following the manufacturer's introductions. For each experiment, a standard curve was generated using serially diluted PRRSV standard of 10^0^--10^7^ TCID~50~/ml.

Western Blot Analysis {#s2i}
---------------------

Whole-cell extracts were prepared with RIPA lysis buffer supplemented with protease inhibitors. Same amount of proteins from each sample was separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes. After blocking, the membranes were incubated for 1 h at room temperature with the following primary antibodies diluted as indicated: anti-PRRSV N monoclonal antibody protein SDOW17 (1∶5,000; Rural Technologies), and anti-β-actin antibody (1∶5,000; Sigma, St.Louis, MO). The membranes were then incubated with the appropriate secondary antibody for 1 hour (1∶5,000). The antibodies were visualized by use of the ECL reagent according to the manufacturer's instructions.

Expression and Purification of the PRRSV nsp9/RdRp (7474--9526) {#s2j}
---------------------------------------------------------------

The cDNA sequence encoding the PRRSV nsp9**/**RdRp (7474--9526) was the reverse transcription product of the high-pathogenicity PRRSV strain HV. The ORF1a/ORF1b ribosomal frameshift site was removed by mutating nucleotides T-7600 and A-7602 to C, and inserting a C between A-7604 and C-7605 [@pone.0063767-Wootton1], [@pone.0063767-Beerens1], which were showed in lowercase in the primers. Nsp9 (7474--7614) and nsp9 (7593--9526) segments were individually amplified using primers nsp9 (7474--7614) forward: 5′-GTTGGCATATGGCCGCCAAGCTTTCC-3′, nsp9 (7474--7614) reverse: 5′-GGCTAGCAgGTTgAgACACTGCTCCTTAGTCAGG-3′; nsp9 (7593--9526) forward: 5′-GCAGTGTcTcAAcCTGCTAGCCGCCAGC-3′, nsp9 (7593--9526) reverse: 5′-CCGGATCCTTACTCATGATTGGACCTGAGTTTTTCC-3′). And then, nsp9 (7474--9526) cDNA was obtained by overlap-extension PCR of the sequences of nsp9 (7474--7614) and nsp9 (7593--9526). The nsp9/RdRp (7474--9526) was then inserted between the Nde I and Bam HI restriction sites of pET28 expression vector (Novagen) and sequenced, giving rise to construct pET28-nsp9/RdRpNHis.

The protein was expressed in *E. coli* BL21-CodonPlus (DE3)-RIL cells after overnight induction with 1 mM IPTG at 25°C. The bacterial pellet was re-suspended in lysis buffer (50 mM Tris \[pH 7.4\], 10 mM imidazole \[pH 7.4\], 500 mM NaCl, 2.5 mM MgCl~2~, 0.5 mg/ml lysozyme, 1 mM PMSF and 0.1 mg/ml DNase I), incubated for 30 min at room temperature, and finally sonicated. The protein was purified from the soluble fraction of the bacterial lysate by loading onto a nickel-nitrilotriacetic acid (Ni-NTA) column. The protein was eluted with 250 mM imidazole, and then concentrated using Amicon Ultra-15 Centrifugal Filter Units (Millipore). The purified protein was preserved in storage buffer (20 mM Tris \[pH 7.4\], 100 mM NaCl, 1 mM dithiothreitol \[DTT\], 0.1 mM EDTA, 10% glycerol), and kept at −80°C. The yield was approximately 16 mg/liter of *E. coli* culture.

Polymerase Activity Assay {#s2k}
-------------------------

Homopolymeric template poly(U)~18~ was synthesized by Shanghai Genepharma Co. Ltd. (China). To analyze the effect of the *Cryptoporus volvatus* extract on RNA-dependent RNA polymerase (RdRp) activity, we used filter-binding assays. Reactions were performed as previously described [@pone.0063767-Beerens1] in 50 µl of RdRp buffer (50 mM HEPES \[pH 8.0\], 10 mM KCl, 1 mM DTT, 2 mM MnCl~2~, and 4 mM MgCl~2~) containing 400 nM poly(U)~18~ template, 2 µM PRRSV nsp9/RdRp, 0.5 µCi \[^32^P\]ATP, ATP 100 µm,RNase inhibitor 50 units, and the *Cryptoporus volvatus* extract with final concentrations of 0, 0.05, 0.25, and 0.5 mg/ml. IFN-α and Cordycepin (Shanghai Tongjibiological, China) were used as controls, and the final concentrations of IFN-α and Cordycepin were 10 units/µl and 1 mM, respectively [@pone.0063767-Panicali1], [@pone.0063767-White1]. The reaction was performed at 30°C for 1 h, and stopped by addition of an equal volume of 50 mM EDTA. And then, the mixture was spotted onto DE-81 filter paper (Whatman). The filters were washed three times with 0.3 M ammonium formate (pH 8.0) and once with ethanol. After filters were dried, liquid scintillation fluid was added. Incorporation was then measured in counts per minute (cpm) using a Wallac Micro- Beta liquid scintillation counter.

Virus Release Assay {#s2l}
-------------------

Marc-145 cells were infected with Ch-1a (MOI = 0.1). At 24 h post infection (h.p.i), cells were washed 3 times with PBS and replaced with fresh medium containing different concentrations of the *Cryptoporus volvatus* extract or BFA (1 µg/ml). At 0.5 h, 1 h, and 3 h following medium replacement, supernatants were collected and cells were lysed by rapid freeze-thaw on dry ice-ethanol and a 37°C water bath. PRRSV RNA copies in the supernatants (extracellular virus) and cell lysates (intracellular virus) were then quantified using quantitative real-time PCR.

PRRSV Cell-to-cell Transmission Assay {#s2m}
-------------------------------------

Confluent monolayers of Marc-145 cells were inoculated with Ch-1a (MOI = 0.01) at 37°C for 3 h, and then fresh medium containing neutralizing antibody and the *Cryptoporus volvatus* extract at different final concentrations was added after the cells were washed three times with PBS. Cells were further incubated at 37°C for 24 h, and then detected for PRRSV N expression by indirect immunofluorescence. The mean number of infected cells/foci was determined from ≥100 foci for each data point.

Treatment Study in Piglets {#s2n}
--------------------------

Ten 4-week-old SPF Landrace piglets were obtained from the Beijing Center for SPF Swine Breeding and Management. The animals were randomly assigned to two groups (five piglets per group). Each group was housed separately in a different isolation room with individual ventilation. Each piglet was intranasally inoculated with 2 ml of HP-PRRSV strain HV containing 10^5.0^ TCID~50~ virus/ml. The piglets in the treatment group were administered intraperitoneally and intramuscularly with the *Cryptoporus volvatus* extract twice daily (7.5 mg extract/kg body weight each time, half for i.p., and the other half for i.m.) for 8 days. The piglets in the control group were mock administered with the same volume of normal saline. The animals were observed daily for clinical signs, and rectal temperatures were measured every day for 20 days post inoculation (dpi). Serum was collected at 3, 7, 10, 16 and 45 dpi for the detection of viral RNA by quantitative RT-PCR.

Statistical Analysis {#s2o}
--------------------

All experiments were performed with at least three independent replicates. Results were analyzed using *Student's t test*. Differences were considered to be statistically significant if the *P* value is less than 0.05. \**P\<0.05*; \*\**P\<0.01*; \*\*\**P\<0.001*.

Results {#s3}
=======

*Cryptoporus volvatus* Extract Inhibits PRRSV Replication {#s3a}
---------------------------------------------------------

To explore the antiviral activity of the *Cryptoporus volvatus* extract against viruses, we first investigated its antiviral effect on PRRSV infection. As shown in [Fig. 1A and B](#pone-0063767-g001){ref-type="fig"}, the *Cryptoporus volvatus* extract significantly inhibited PRRSV (CH-1a strain) replication in Marc-145 cells. The extract reduced the virus yields about 10^4^-fold at the concentration of 3 mg/ml when compared to normal saline control, and this inhibition was in a dose-dependent manner. To further verify its anti-PRRSV activity, we examined whether the *Cryptoporus volvatus* extract could inhibit replication of more than one PRRSV strain in PAMs. As illustrated in [Fig. 1C](#pone-0063767-g001){ref-type="fig"}, the *Cryptoporus volvatus* extract potently inhibited both the prototype of Type 2 PRRSV strain (VR2332) and HP-PRRSV strain (HV) replications in PAMs, which could reach a 1000-fold suppression at the concentration of 3 mg/ml. The extract inhibited PRRSV infection with 50% effective concentration (EC~50~) values of 0.34 mg/ml for CH-1a strain in Marc-145 cells, 0.34 mg/ml for HV strain and 0.36 mg/ml for VR2332 in PAMs.

![*Cryptoporus volvatus* extract inhibits PRRSV replication.\
(A and B) The *Cryptoporus volvatus* extract blocks PRRSV Ch1a replication in Marc-145 cells. Marc-145 cells were infected with PRRSV Ch1a at an MOI of 0.1, and then treated with IFN-α (10 units/µl) or the *Cryptoporus volvatus* extract at various concentrations. At 24 h p.i., cells were fixed and analyzed by IFA using antibody against PRRSV N protein (A), and virus yield in the supernatants was also quantified (B). Cultures treated with normal saline were set up as control (0 mg/ml). Results are from three independent experiments, each of which was in triplicate. (C) *Cryptoporus volvatus* extract potently inhibits both PRRSV VR2332 and HV replication in PAMs. A similar virus inhibition assay was performed with PAM cells infected with PRRSV strain VR2332 or HV at an MOI of 0.1 in the presence of IFN-α (10 units/µl) or the *Cryptoporus volvatus* extract at various concentrations. (D) Determination of cytotoxicity of the *Cryptoporus volvatus* extract by MTT assay. PAMs or Marc145 cells were incubated with various concentrations of the *Cryptoporus volvatus* extract or the control normal saline for 48 h prior to the MTT assay. Data are representative of three independent experiments (mean ± SD). Statistical significance was analyzed by *Student's t test*. \**P\<0.05*; \*\**P\<0.01*; \*\*\**P\<0.001*.](pone.0063767.g001){#pone-0063767-g001}

To exclude the possibility that nonspecific toxicity induced by the extract could affect PRRSV replication, we evaluated PAM and Marc-145 cell viability under various concentrations of the *Cryptoporus volvatus* extract using the MTT assay ([Fig. 1D](#pone-0063767-g001){ref-type="fig"}). The 50% cytotoxic concentrations (CC~50~) of the *Cryptoporus volvatus* extract for PAMs and Marc-145 cells were 263 mg/ml and 147 mg/ml, respectively, which greatly exceeded its EC~50~. The therapeutic index (CC~50~/EC~50~) was 600 for CH-1a strain in Marc-145 cells, 947 for HV strain and 894 for VR2332 in PAMs.

These initial studies confirmed that the *Cryptoporus volvatus* extract could inhibit PRRSV infection. Therefore, we characterized the specific step(s) of the PRRSV life cycle that could be impeded by the extract in subsequent works.

*Cryptoporus volvatus* Extract Inhibits PRRSV Entry but not Attachment {#s3b}
----------------------------------------------------------------------

The process of PRRSV entry includes early attachment and internalization. To determine whether the *Cryptoporus volvatus* extract could inhibit PRRSV attachment on Marc-145 cells, virus-cell binding assay was performed at 4°C under conditions in which virus binds to but does not enter cells. Our results demonstrated that the extract had no effects on virus replication when it was only present during the virus binding, suggesting that the *Cryptoporus volvatus* extract did not affect the quantity of infectious virus particles that attached to the cell membranes ([Fig. 2A](#pone-0063767-g002){ref-type="fig"}).

![*Cryptoporus volvatus* extract inhibits PRRSV entry into Marc-145 cell but not attachment.\
(A) Effects of the *Cryptoporus volvatus* extract on virus attachment. Marc-145 cells were inoculated with Ch1a (MOI = 1) at 4°C for 2 h with different concentrations of the extract, and then cell lysates were prepared by freeze-thaw three times after cells were washed 3 times with cold PBS. Virus titer (TCID~50~) was determined. (B) Inhibition of PRRSV entry by the *Cryptoporus volvatus* extract. Marc-145 cells were incubated with Ch1a (MOI = 1) at 4°C for 2 h. Unbound virus was removed by washing three times with cold PBS, and the temperature was switched to 37°C (this time point was set up as 0 h). Cell medium was replaced with fresh medium containing different concentrations of the extract at 0, 1, 2, or 3 h following temperature switch. Five hours after temperature switch, medium was replaced with fresh medium, and cells were further incubated at 37°C. Twenty-four hours later, supernatants were harvested for virus titration. (C) Confocal analysis showing that *Cryptoporus volvatus* extract inhibits PRRSV entry into Marc145 cells. Marc-145 cells were incubated with Ch-1a (MOI = 50) at 4°C for 2 h. And then, cells were fixed with cold methanol-acetone after 3 washes with cold PBS (negative control) or continued to be cultured in fresh medium with or without (positive control) the *Cryptoporus volvatus* extract at 37°C for another 3 hours before being fixed with cold methanol-acetone after 3 washes with cold PBS. Fixed cells were stained for PRRSV N protein and labeled with Phalloidin -TRITC (Sigma). Immunofluorescence was observed using Leica Microsystems CMS GmbH. Data are representative of three independent experiments (mean ± SD). Statistical significance was analyzed using *Student's t test*.](pone.0063767.g002){#pone-0063767-g002}

Previous studies have reported that PRRSV is internalized from the surface of Marc-145 cells within 3--6 hours [@pone.0063767-Kreutz1], [@pone.0063767-Nauwynck1]. Thus, to test whether the *Cryptoporus volvatus* extract acts at the internalization stage of infection, we examined the kinetics of the extract activity against PRRSV infection using time-of-addition assays ([Fig. 2B](#pone-0063767-g002){ref-type="fig"}). The *Cryptoporus volvatus* extract caused approximately a 15-fold decrease of virus titers in cells infected with CH-1a at an MOI of 1 when the extract (1 mg/ml) was added right after temperature switch (present in the first 5 hours of the virus internalization process), and more significant reduction (∼80-fold decrease) was observed when the extract was used at the concentration of 3 mg/ml. When the extract (3 mg/ml) was added at 1 or 2 h after the culture was switched to 37°C, it only induced a 3.1-, or 2.1-fold suppression of virus replication compared to the control. However, no inhibition was observed when the extract was added 3--5 h following temperature switch. These data demonstrated that the inhibition of PRRSV internalization by the extract was exerted within the first 3 hours of infection. To further verify that the *Cryptoporus volvatus* extract could inhibit PRRSV internalization, we performed confocal microscopic analysis of PRRSV attachment and internalization in Marc-145 cells. As shown in [Fig. 2C](#pone-0063767-g002){ref-type="fig"}, internalized PRRSV particles were clearly stained and smoothly distributed inside of the cell membranes without extract-treatment (positive control), while most of the virus particles were clustered outside of the cells treated with the *Cryptoporus volvatus* extract, which was similar to the staining of the negative control (cells were fixed before virus internalization and then stained for PRRSV N protein and F-actin).

Taken together, these data showed that the *Cryptoporus volvatus* extract could inhibit PRRSV internalization but not attachment to the host cells.

*Cryptoporus volvatus* Extract Strongly Inhibits PRRSV RNA and Protein Synthesis {#s3c}
--------------------------------------------------------------------------------

Next, we examined whether the *Cryptoporus volvatus* extract could inhibit viral RNA synthesis in virus-infected cells. In this experiment, we first infected Marc-145 cells with CH-1a at an MOI of 0.01 for 24 hours, and then treated with the extract, or IFN-α (10 units/µl) (as positive control). The intracellular PRRSV RNA was measured by quantitative real-time PCR at different time points following treatment. As shown in [Fig. 3A](#pone-0063767-g003){ref-type="fig"}, relative to untreated cells, the extract caused a significant reduction in PRRSV RNA production at 12, 24, 48, and 72 hours after treatment. And the most significant suppression of PRRSV RNA production was observed at 48 hours after treatment, and the copies of viral RNA were decreased more than 140- folds. Consequently, PRRSV N protein expression was severely impaired by the extract ([Fig. 3B](#pone-0063767-g003){ref-type="fig"}).

![PRRSV RNA and protein synthesis are strongly inhibited by *Cryptoporus volvatus* extract.\
(A) *Cryptoporus volvatus* extract inhibits PRRSV RNA synthesis. Marc-145 cells were infected with PRRSV Ch1a at an MOI of 0.01. Twenty-four hours post infection, cells were then treated with various concentrations of the extract or IFN-α (10 units/µl). Whole-cell RNA was isolated from the cells at 6, 12, 24, 48, or 72 hours after treatment and analyzed for PRRSV RNA using a quantitative real-time RT-PCR assay. (B) PRRSV protein synthesis is inhibited by *Cryptoporus volvatus* extract. Marc-145 cells were infected with PRRSV Ch1a (MOI = 5) and then treated with *Cryptoporus volvatus* extract at 1 mg/ml or 3 mg/ml. Thirty-six hours later, whole-cell extracts were prepared for western blot analysis, and PRRSV protein was analyzed using anti-PRRSV N monoclonal antibody (SDOW17). (C) *Cryptoporus volvatus* extract directly inhibits the PRRSV RNA dependent RNA polymerase activity. PRRSV nsp9/RdRp was incubated with *Cryptoporus volvatus* extract at a final concentration of 0, 0.05, 0.25, or 0.5 mg/ml, and the activity of the PRRSV nsp9/RdRp was examined using filter-binding assays to monitor incorporation of \[^32^P\]ATP by using a poly(U)~18~ RNA template. (D) Cordycepin inhibits PRRSV RdRp activity but IFN-α not. Similar experiment as C was done with IFN-α, *Cryptoporus volvatus* extract, and Cordycepin at final concentrations of 10 units/µl, 0.5 mg/ml, 1 mM, respectively. Data are representative of three independent experiments (mean ± SD). Statistical significance was analyzed by *Student's t test*; \**P\<0.05*; \*\**P\<0.01*; \*\*\**P\<0.001*.](pone.0063767.g003){#pone-0063767-g003}

We next examined whether the *Cryptoporus volvatus* extract could directly inhibit PRRSV RNA dependent RNA polymerase (RdRp) activity. PRRSV nsp9/RdRp was cloned and expressed [@pone.0063767-Beerens1], and the inhibition of the extract on the activity of the purified PRRSV nsp9/RdRp was examined using filter-binding assays to monitor incorporation of \[^32^P\]ATP by using a poly(U)~18~ RNA as template. As shown in [Fig. 3C](#pone-0063767-g003){ref-type="fig"}, the extract significantly inhibited the activity of the PRRSV nsp9/RdRp, with a 40% inhibition of the RdRp activity relative to the control at the concentration of 0.05 mg/ml. As expected, Cordycepin, which is an RNA polymerase inhibitor, also inhibited the activity of the PRRSV nsp9/RdRp ([Fig. 3D](#pone-0063767-g003){ref-type="fig"}). These results indicated that the extract could effectively inhibit the RdRp activity.

*Cryptoporus volvatus* Extract Inhibits the Release of PRRSV Particles {#s3d}
----------------------------------------------------------------------

To determine whether the *Cryptoporus volvatus* extract affects virus release, we used an assay described previously [@pone.0063767-Kumar1] to quantify viruses that are either in cells or released into the supernatants. We first infected Marc-145 cells with CH-1a (MOI = 0.1). Twenty-four hours post infection, cells were extensively washed with PBS and then replaced with fresh medium containing different concentrations of the extract or BFA (1 µg/ml), a known inhibitor of protein transport [@pone.0063767-Misumi1]. Viral RNA copies that were either in cells or released into the supernatants were then quantified at 0.5 h, 1 h, and 3 h following treatments. At each time points, comparable amounts of intracellular viral RNAs were found in either extract or BFA-treated samples ([Fig. 4A](#pone-0063767-g004){ref-type="fig"}). In contrast, the copies of released viral RNA in supernatants significantly dropped by ∼80% when treated with the extract at the concentration of 2 mg/ml or 3 mg/ml for 3 h compared to the control ([Fig. 4B](#pone-0063767-g004){ref-type="fig"}). There was no significant effects observed when the extract was at 1 mg/ml. Our data suggested that the extract might block PRRSV virus particle release.

![*Cryptoporus volvatus* extract inhibits PRRSV release and cell-to-cell spreading.\
Determination of viral RNA released to the supernatants (A) or intracellular (B). Marc-145 cells were infected with PRRSV Ch1a (MOI of 0.1) for 24 h. After washing with PBS, cells were treated with either *Cryptoporus volvatus* extract or BFA (a known inhibitor of protein transport) for 0.5, 1, or 3 hours, and then copies of viral RNA in the supernatants and in the cells were determined using quantitative real-time RT-PCR assay. (C) PRRSV cell-to-cell spread is inhibited by *Cryptoporus volvatus* extract in a dose-dependent manner. Marc145-cells were incubated with CH-1a strain (MOI = 0.01) for 3 h at 37°C, and then culture medium was replaced with fresh medium containing *Cryptoporus volvatus* extract at indicated concentrations and neutralizing antibody (10% vol/vol). PRRSV N protein expression in cells was observed using indirect immunofluorescence at 24 hours after infection. Micrographs chosen to illustrate the sizes of infected cell foci (N expression, green). (D) Average number of infected cells per foci. Data are representative of three independent experiments (mean ± SD). Statistical significance was analyzed by *Student's t test*; \**P\<0.05*; \*\**P\<0.01*; \*\*\**P\<0.001*.](pone.0063767.g004){#pone-0063767-g004}

*Cryptoporus volvatus* Extract Inhibits Direct Cell-to-cell Spread of PRRSV {#s3e}
---------------------------------------------------------------------------

The decrease of virus production observed in the extract-treated cultures could result from the production of fewer viruses in each infected cell or a failure of the virus to spread efficiently. There are two modes by which viruses can spread. Extracellular viruses are able to bind and enter an uninfected cell, or viruses inside cells can spread directly to adjacent cells without passing through a cell-free stage [@pone.0063767-Sattentau1], [@pone.0063767-Sattentau2]. PRRSV can spread in cultures of Marc-145 cells by both mechanisms [@pone.0063767-Cafruny1]. To test the possibility that the *Cryptoporus volvatus* extract inhibits direct cell-to-cell spread of PRRSV, we monitored cell-to-cell virus spread in the presence of hyperimmune PRRSV-specific globulin. The hyperimmune globulin was titrated so that it neutralized as much infectious units of PRRSV as the amount produced in the infected culture cells in the absence of the extract. And in this condition, PRRSV could only spread by the way of cell-to-cell infection. Marc-145 cells were infected at an MOI of 0.0l, and globulin was added immediately thereafter. We observed a reduction of PRRSV-infected cells and the formation of discrete infected foci by addition of antibody in the absence of the extract using immunofluorescence assay compared to untreated controls (not shown here), suggesting that the cell-free virus spreading is prevented. When the extract was added, the size of the isolated PRRSV-infected foci was decreased in a dose-dependent manner ([Fig. 4C](#pone-0063767-g004){ref-type="fig"}). At twenty-four hours after infection, even the lowest concentration (1 mg/ml) of the extract tested remarkably reduced the size of infected foci (from ∼65 to 18 infected cells), and the average number of cells in an infected foci was only 1.25 when the extract was used at 3 mg/ml ([Fig. 4D](#pone-0063767-g004){ref-type="fig"}). Taken together, our results indicated that the *Cryptoporus volvatus* extract could inhibit PRRSV cell-to-cell spread.

*Cryptoporus Volvatus* Extract Inhibits PRRSV Infection *in vivo* {#s3f}
-----------------------------------------------------------------

To evaluate the inhibitory activity of the *Cryptoporus volvatus* extract *in vivo*, we tested its anti-PRRSV effects in HP-PRRSV strain HV-infected pigs. Four-week-old SPF piglets were intranasally challenged with HP-PRRSV strain HV (each with 2 ml of 10^5.0^ TCID~50~ PRRSV), and were then treated with the extract following virus challenge for 8 days (7.5 mg extract/kg body weight intraperitoneally (i.p.) and intramuscularly (i.m.)). It is well known that HP-PRRSV strain infection is characterized by high fever, high morbidity, and high mortality in pigs [@pone.0063767-Tian1]. Therefore, we recorded the rectal temperature of each pig daily for 20 days or until it died ([Fig. 5A](#pone-0063767-g005){ref-type="fig"}). On day 4 post PRRSV inoculation, pigs in control group which did not receive the extract started to develop elevated body temperatures (\>40°C) and remained higher than 40.5°C from day 4 post HV infection ([Fig. 5A](#pone-0063767-g005){ref-type="fig"}). Even though pigs in the treated group also had elevated body temperatures ([Fig. 5A](#pone-0063767-g005){ref-type="fig"}), the average temperatures were lower than that of control. Meanwhile, PRRSV RNA copies were analyzed in the serum samples at 3, 7, 10, 16, and 45 days pi ([Fig. 5B](#pone-0063767-g005){ref-type="fig"}). Viral loads in pigs from both control group and treatment group rose rapidly to 10^8^ (RNA copies/ml) at 3 dpi. However, viral growth in control group continued to grow rapidly and peaked at 10 dpi, while the viral growth in treated pigs was comparatively slower. The average viral RNA loads were significantly higher in no-treatment pigs than that in treated group (2.2-fold higher) at day 7. HP-PRRSV HV was highly virulent and caused 100% mortality when animals were challenged with 2 ml of 10^5^ TCID~50~ PRRSV ([Fig. 5C](#pone-0063767-g005){ref-type="fig"}). However, 2 of 5 piglets survived in the extract-treated group ([Fig. 5C](#pone-0063767-g005){ref-type="fig"}). Pigs infected with HV without treatment showed clinical signs including high fever, coughing, dyspnoea, anorexia, chemosis, shivering, lameness, and skin cyanopathy. When treated with the extract, pigs developed clinical signs much slower compared to untreated pigs. For those two who survived in the treatment group did not develop temperature above 40.5°C and had less severe clinical signs. These results provided direct evidence that the *Cryptoporus volvatus* extract could efficiently inhibit PRRSV replication *in vivo*.

![*Cryptoporus volvatus* extract inhibits PRRSV infection in vivo.\
(A) Rectal temperature measurements daily for each group of pigs(n = 5)after HP-PRRSV HV strain infection. (B) Analysis of viral loads in sera from each group of pigs. (C) Survive curves of pigs in each group. Data are presented as mean ± SE (A and B). Statistical significance was analyzed by *Student's t test*; \**P\<0.05*; \*\**P\<0.01*; \*\*\**P\<0.001*.](pone.0063767.g005){#pone-0063767-g005}

Discussion {#s4}
==========

Chinese herbal medicines are a unique source of medical complexity and diversity, and they have been exploited extensively by many in pursuit of new antiviral agents [@pone.0063767-Harvey1]. *Cryptoporus volvatus* has a long medical use history for treating asthma and bronchitis in China [@pone.0063767-Wu1]. However, its antiviral activity has not been investigated. Here, we reported that the aqueous extract from the fruiting body of *Cryptoporus volvatus* had potent antiviral effects against PRRSV infection. Our data demonstrated that the extract inhibited multiple steps in the PRRSV life cycle: most notably entry and PRRSV RNA synthesis, and possibly cell-cell spread and viral particle secretion. And most importantly, it inhibited HP-PRRSV strain HV replication *in vivo*, reduced clinical severity, and increased pig survival rate.

The extract reduced intracellular PRRSV RNA levels and protein synthesis, and consequently, the production of progeny virus in infected cells. Central in the life cycle of plus-strand RNA viruses is the process of RNA-templated RNA synthesis, which is required to replicate and transcribe the viral genome. All positive-strand RNA viruses encode an RNA-dependent RNA polymerase that functions as the catalytic subunit for viral RNA synthesis. This biochemical activity is not present in mammalian cells. Therefore, viral RdRp is an important target for drug discovery, and many drugs could target viral RdRp to inhibit virus replication [@pone.0063767-Tomei1], [@pone.0063767-Gastaminza1]. Indeed, we cloned PRRSV RdRp and tested if the extract had effects on its activity. Our results indicated that the extract interfered with PRRSV RdRp activity, suggesting that the *Cryptoporus volvatus* extract has the potential to impair PRRSV replication by targeting PRRSV RdRp.

We also showed that the extract inhibited PRRSV protein synthesis, infectious PRRSV particle release from cells, and cell-to-cell spread. However, these could be the secondary effects due to the inhibition of PRRSV entry and RNA polymerase activity. Therefore, more work needs to be done to verify these observations in future.

More importantly, in the animal study, we found that the extract could repress high pathogenic PRRSV (HV) replication in pigs. The outbreaks of high pathogenic PRRS in China have caused great economic losses to the pig industry, and until now there have been no effective vaccines to confer protection against HP-PRRSV. The HP-PRRSV is extremely high pathogenic, which is characterized by high fever, high morbidity, and high mortality [@pone.0063767-Tian1]. The HP-PRRSV strain (HV) used in this study could cause 100% death rate. When challenged with 2 ml of 10^5^ TCID~50~, 4-week-old pigs died in two weeks [@pone.0063767-Guo1]. Our data here showed that the average viral loads in serum and the rectal temperatures in pigs of the treatment group were significantly lower. Surprisingly, two of the five pigs which were challenged with HV (2 ml of 10^5^ TCID~50~) survived after treatment with the extract. And 2 of the 3 pigs died in the treatment group survived longer (one on day 14, and one died on day 21) compared to the pigs challenged with HV but without treatment (all died within 12 days). These results suggest that the *Cryptoporus volvatus* extract has the potential to be used to treat PRRSV infected pigs. However, we need to indicate that even though two pigs survived, they grew much slower than pigs without infection. Obviously, more work remains for us to do. In future, we will expand our study using more pigs to investigate how the extract affects virus shedding/transmission, weight loss, and pathogenic changes, etc.

Aqueous extract from the fruiting body of *Cryptoporus volvatus* is a crude extract, which contains many components. The antiviral effects of the extract could result from the mixture of active compounds rather than from a single chemical entity. The efficacy of Traditional Chinese Medicine is a characteristic of a complex mixture of chemical compounds present in the various herbs. The concept of combinatorial medicines has been exemplified by the drug cocktail used in the treatment of acquired immunodeficiency syndrome [@pone.0063767-Balzarini1]. However, in order to develop new generation of antiviral agents, it is necessary to isolate and purify the active compounds in the aqueous extract from the fruiting body of *Cryptoporus volvatus*. Actually, our preliminary data suggest that more than one compound from the extract can repress PRRSV replication. Obviously, more work remains for us to do to identify the molecules in the *Cryptoporus volvatus* extract.

In conclusion, our findings revealed that the aqueous extract of *Cryptoporus volvatus* exhibited antiviral activity against PRRSV infection and replication, implicating that it has the potential to be developed into a new generation of antiviral agent. Further studies are in progress to identify the molecules that are responsible for the inhibitions of virus replication.
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